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Retinoic acidotile structures found at the leading edge of developing and regenerating nerve
processes. Their role in axonal pathﬁnding has been well established and many guidance cues that inﬂuence
growth cone behavior have now been identiﬁed. Many studies are now providing insights into the
transduction and integration of signals in the growth cone, though a full understanding of growth cone
behavior still eludes us. This review focuses on recent studies adding to the growing body of literature on
growth cone behavior, focusing particularly on the level of autonomy the growth cone possesses and the role
of local protein synthesis.
© 2008 Elsevier Inc. All rights reserved.General introduction
Since the initial characterization of the neuronal growth cone by
Ramon y Cajal in 1880, knowledge surrounding it has dramatically
increased, providing us with a sizable body of literature, yet many
unanswered questions. The growth cone itself is a complex structure,
often appearing conical in shape with ﬁlopodial and lamellipodial
extensions. It is important for sensing the environment both during
development (migration, axonal guidance and synaptogenesis) as well
as during regeneration. The list of known factors that inﬂuence growth
cone behavior continues to increase and includes diffusible and bound
guidance molecules (e.g., netrins (Seraﬁni et al., 1994; Kennedy et al.,
1994; Round and Stein, 2007), semaphorins (Luo et al., 1993; Kruger
et al., 2005), slits (Kidd et al., 1999; Brose et al., 1999; Li et al., 1999;
Hohenester et al., 2006), ephrins (Drescher et al., 1995; Hout, 2004)),
neurotransmitters (Haydon et al., 1984; Zheng et al., 1994; Spencer
et al., 2000a), nitric oxide (Hess et al., 1993; review by Bicker, 2005),
neurotrophins (Gundersen and Barrett, 1979; Song et al., 1997), clas-
sical morphogens (e.g., WNTs, TGFβ/BMPs, Hedghogs, FGFs) (Charron
and Tessier-Lavigne, 2005; Bovolenta et al., 2006) and extracellular
matrix molecules (Hari et al., 2004; Zacharias and Rauch, 2006). There
have also been some unexpected molecules such as the chemokine
SDF-1 (Xiang et al., 2002), agrin (Xu et al., 2005b) and endocannabi-
noids (Berghuis et al., 2007), listed among these guidance factors. Inl rights reserved.addition, there are other “factors”, such as electrical ﬁelds (Patel and
Poo,1982;McCaig et al., 2002, 2005) that are re-gainingmomentum in
theﬁeld of growth cone guidance. In this review,wewill discuss recent
insights into some general mechanisms governing growth cone
guidance. In particular, we will focus on the level of autonomy of an
individual growth cone including the role of local protein synthesis, as
well as its wider communication with the neuron proper.
Growth cone responses to a chemical gradient
The concept that chemical gradients play a central role in directing
growth cones has a long history, extending back to the neurotropic
hypothesis of Ramony Cajal (de Castro et al., 2007). Chemical guidance
cues are able to promote neurite outgrowth and cause turning towards
a cue, as well as produce a repulsive response thatmay include growth
cone collapse, negative turning and/or cessation of outgrowth (re-
viewed in Chilton, 2006). It is believed that gradients of these guidance
cues exist within a growth cone’s environment, and though the exact
manner in which a growth cone interprets such a gradient is not
entirely understood, comparative studies with other motile cells are
helpful (Von Philipsborn and Bastmeyer, 2007). Growth cones are
known to possess a remarkable sensitivity to chemical gradients, with
one study suggesting that a growth cone may have the capacity to
differentiate a concentration difference of 1molecule across its surface
(a gradient of about 0.1%) (Rosoff et al., 2004). Several recent studies
havemade progress towards understanding the growth cone’s sensing
capacity with regard to both interpretation and early transduction
events.
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is in the formation of the retinotectal map. The establishment of this
map depends in part, on gradients of the membrane-bound ligand
ephrinA, which binds to its receptor EphA (see Erskine and Herrera,
2007 for review on retinal cell projections and topographic mapping).
One question which is now being addressed is how a growth cone
interprets a chemical gradient to ensure its correct termination point.
Retinal ganglion cell axons need to migrate a certain distance into a
repulsive gradient of ephrinA to ﬁnd their target, as opposed to simply
terminating as soon as the repulsive cue is sensed. In a recent paper,
Von Philipsborn et al. (2006) showed that the growth cone integrates
different parameters pertaining to a chemical gradient in order to
determine its correct stopping point. To do this they utilized a
technique known as microcontact printing that allows discontinuous,
yet reproducible gradients of differing slopes and concentrations to be
generated. They found that the stop reaction was determined by both
the total amount of ephrin the growth cone had encountered in the
gradient as well as the local concentration around the growth cone.
Working from the experimental ﬁndings, the authors proposed that
the total ephrinA5 concentration encountered by the growth cone in
the gradient promotes a stop response and acts in opposition to the
ephrin concentration immediately around the growth cone. It is the
ratio of the two that ﬁnally determines the stopping point. The authors
propose that such integration may be advantageous in vivo to
withstand defects that might otherwise result from slight disruptions
of the endogenous gradients.
Regarding the early stages of sensing in a chemical gradient, recent
experiments studying the role of GABA as a chemoattractant for rat
spinal cord neurons have shed light on how growth cones may
respond to small chemical gradients. Gradients of neurotransmitters
have long been known to induce changes in growth cone behavior
prior to synapse formation (Zheng et al., 1994) but studies have now
shown that transmitter receptors can be re-distributed in the growth
cone membrane on encountering a gradient of the transmitter, and
that this redistribution may underlie the turning capacity of the
growth cone. Bouzigues et al. (2007) developed a single molecule
assay using quantum dots to visualize tagged subunits of GABAA
receptors. In the presence of a GABA gradient, the transmitter
receptors were re-distributed before the actual turning response,
suggesting that the asymmetric distribution of receptors was one of
the initiating steps in the GABA-induced turning. Furthermore,
removal of the GABA gradient led to the re-establishment of
the symmetric distribution of receptors. Importantly, this redistribu-
tion of GABAA receptors was microtubule-dependent and led to an
enhancement of the asymmetry of intracellular calcium. Collectively,
these changes ampliﬁed the growth cones response to the chemical
gradient.
The importance of asymmetrical calcium signaling has long been
known to play an important role in growth cone decisions (Henley and
Poo, 2004; Gomez and Zheng, 2006), though a greater understanding
of the downstream mechanisms are slowly emerging. Recent reports
suggest that the direction of growth cone turning depends onwhether
the calcium signaling occurs via calcium-induced calcium release
(CICR). For example, CICR contributes to an attractive response in both
chick and Xenopus growth cones, whereas lack thereof contributes to
repulsion (Tojima et al., 2007; Hong et al., 2000).
Tojima et al. (2007), using chick dorsal root ganglion neurons, have
now shown that a key determinant in the mediation of the CICR-
dependent attractive turning response is asymmetrical vesicle trans-
port and localized exocytosis. They showed that VAMP2-positive
vesicles are transported into the peripheral (P)-domain of the growth
cone in response to attractive signals, in a microtubule dependent
manner, and inhibition of vesicle exocytosis prevented the attractive
turning response. Thus, asymmetric transport of exocytotic vesicles in
the growth cone is a way in which the mechanisms mediating growth
cone attraction and repulsion may differ (Tojima et al., 2007). Theauthors speculate that such localized exocytosismaybe responsible for
the asymmetrical delivery of channels or receptors to the leading edge
of the growth cone and the fact that such exocytosis occurs prior to the
turning response further supports this hypothesis. The signaling
cascade which ties the Ca2+ release to the vesicle movement requires
further elucidation.
Switching of growth cone turning responses
It has become increasingly clear that the signaling pathways that
mediate growth cone responses depend upon the source, location or
ratio of the signals in determining the ultimate response. Indeed, it has
become apparent over the years that the response of a growth cone to a
particular guidance cue is not absolute. For example, pharmacological
manipulation of cAMP or cGMP in Xenopus neurons causes the normal
attractive or repulsive responses in the growth cone to be switched
(Song et al., 1997,1998). Studies in Xenopus spinal neurons have shown
that the direction of growth cone turning in response to netrin-1 is
determined by the ratio of cAMP to cGMP, such that a high ratio sup-
ports chemoattraction and a lower ratio, chemorepulsion (Nishiyama
et al., 2003). Of note is the fact that guidance cues whose signal trans-
duction pathway involves cAMP require extracellular Ca2+, whereas
this requirement does not appear to be needed for signaling involving
cGMP (Song and Poo, 1999). The contribution of the cyclic nucleotides
cAMP and cGMP in growth cone dynamics is reviewed in Piper et al.
(2007).
It is also evident that switching of growth cone responses may be a
temporal response. Studies by Shewan et al. (2002) suggest that Xe-
nopus retinal ganglion cells change their responsiveness to netrin-1 as
they journey along the optic pathway, initially being attracted at the
optic nerve head, unaffected throughout much of the optic pathway,
and then repulsed in the tectum. It was suggested that this temporal
shift in netrin-1 responsiveness was mediated by the decline in cAMP
levelswithin the growth cone. Even RGCs grown in culturewithout any
previous in vivo experience, underwent this shift in response to netrin-
1. An interesting possibility then, is that guidance may be controlled
temporally by signals originating within the neuron itself (Wen et al.,
2007), that is, a temporally cued pathﬁnding program. The growth
cones of Xenopus spinal neurons also change their response to a cue
over time. For example, they are attracted to a gradient of the bone
morphogenic protein BMP7, 4–8 h post-exposure, but 20–24 h later,
display repulsive behavior in response to the BMP7 gradient (Wen et
al., 2007). Probing this turning behavior further, itwas shown that both
the attractive and repulsive responses were mediated through two
pathways that eventually converge and are linked to dynamic changes
in the cytoskeleton. Intriguingly, the trigger for the switch from
attraction to repulsion was entry of Ca2+ through a transient receptor
potential channel 1 (TRPC1) which becomes expressed on the growth
cone’s surface.
While the inﬂux of Ca2+ can lead to a switching of growth cone
responsiveness, endocytosis can produce very similar effects. For
example, with respect to netrin-based guidance, PKCα signaling can
result in the endocytosis of UNC5A, while DCC receptors remain on the
growth cone surface (Bartoe et al., 2006). The result is a change in the
growth cone’s response to netrin-1 from chemorepulsion to chemoat-
traction [since attraction to netrin-1 is mediated by DCC and repulsion
by UNC5]. Recently, this change has been shown to involve signaling
through the adenosine receptor A2bR, which leads to the PKCα-
dependent endocytosis of UNC5A (McKenna et al., 2008). Thus, it
appears that second messenger systems, signaling from within the
growth cone can regulate receptor expression on the growth cone
surface, thereby modulating the type of behavior exhibited upon
contact with certain guidance factors. Endocytosis has also been
implicated as part of the normal signaling mechanism in a number of
growth cone responses to various stimuli including Sema3A (Jurney
et al., 2002), ephrins (Jurney et al., 2002; Mann et al., 2003), slit2
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(Kamiguchi and Yoshihara, 2001).
Electrical phenomenon
Chemical guidance cues have received a vast amount of attention
over the years, yet more recently the role of electrical phenomenon in
growth cone guidance has been studied. For example, the presence of
spontaneous, yet rhythmic bursts of electrical activity during early
neural development have been implicated in the axonal pathﬁnding
decisions of spinal motoneurons. Perturbations in these periods of
electrical bursting lead to pathﬁnding defects among limb-innervating
motoneurons in chick embryos. Hanson and Landmesser (2004)
showed that decreasing the frequency of spontaneous bursting at a
key dorsal–ventral decision point led to erroneous axonal projections
to their respective muscles. Interestingly, this disruption of the normal
electrical activity led to aberrant expression of EphA4 and of polysialic
acid on neural cell adhesion molecule (NCAM), both of which are
required for normal pathﬁnding. However, later studies showed that
increasing the frequency of bursting produced different effects,
disrupting normal motoneuron pool-speciﬁc axon fasciculation and
producing pathﬁnding defects in the anterior–posterior axis (Hanson
and Landmesser, 2006). Though the exact mechanisms underlying
these pathﬁnding errors have not yet been determined, the authors
suggested that the precise frequency of bursting activity in motoneur-
ons was the critical variable.
Renewed interest in the role that electric ﬁelds may play in axonal
guidance, as well as their potential interaction with classical chemical
guidance factors has also yielded some intriguing results. Developing
embryos have long been known to generate electric ﬁelds which have
been hypothesized to play some biological role(s) in development and
regeneration (though these have remained somewhat obscure and
even contested at times). However, the fact that disruption of these
endogenous electric ﬁelds leads to developmental defects, requires
their consideration in neural developmental mechanisms (McCaig
et al., 2005). Interestingly, the ability of a growth cone to respond to the
presence of an electric ﬁeld in vitro has been known for some time
(Patel and Poo, 1982; Rajnicek et al., 1998) and they exhibit high
sensitivity to electric ﬁelds, being able to turn in response to a gradient
as small as 0.5mV (McCaig et al., 2002). The presence of neurotrophins
such as BDNF, NT-3, or NT-4 can also enhance the electric-ﬁeld induced
turning (McCaig et al., 2000), suggesting that chemical and electrical
cues may interact. Electric ﬁelds usually promote outgrowth towards
the cathode (Patel and Poo,1982;McCaig et al.,1994), but interestingly,
by altering the strength of the ﬁeld in the presence of a neurotrophin
(such as NT-3) the direction of outgrowth can be altered from the
normal cathodally-directed growth towards the anode (McCaig et al.,
2000).
Recentwork on the growth cones of Xenopus spinal neurons in vitro
(Rajnicek et al., 2006a,b) has shown that three small GTPases Rho, Rac
and Cdc42, play a role in electric ﬁeld-induced growth cone turning.
When all three GTPases are inhibited, there is no turning response in
the presence of an electric ﬁeld. The currentworking hypothesis is that
in the presence of an electric ﬁeld, Cdc42 and/or Rac are more activate
on the cathodally-facing side of the growth cone, while Rho is less
activate. Precisely the reverse is true on the anodally-facing side of the
growth cone (Rajnicek et al., 2006a). Interestingly then, the sub-
cellular pathwayswhichmediate growth cone turning to electrical and
chemical stimuli may share common elements (McCaig et al., 2005).
The signiﬁcance of this lies in the possibility of integration of electro-
chemical information by the growth cone. For example, a growth cone
may respond to an electric stimulus over a chemical one, or conversely,
allow the chemical signal to predominate. Furthermore, the roles of
electric ﬁelds may extend beyond development as they also appear to
guide neuronal processes during regeneration in vivo (Song et al.,
2004; Levin, 2007).The role of local protein synthesis in growth cone behavior
An important issue that has received considerable attention over
the last two decades is the level of autonomy that the growth cone
possesses in its decision-making and response to various guidance
cues. Many years ago central dogma held that all proteins destined for
distal neuritic domains were synthesized in the cell body and then
shipped to their appropriate local domains. Today, mRNA localization
and local protein synthesis in neuronal growth cones is widely ac-
cepted, though this current state of knowledge was slow in its
development. As far back as 1970, polyribosomes had been visualized
within growth cones (Tennyson, 1970), though it was not until the
early 1980s (with the discovery of polyribosomes at the base of den-
dritic spines in hippocampal neurons) that serious attention was paid
to these observations (Steward and Levy, 1982; Stewart and Falk,
1983). The idea that there may be at least a degree of autonomywithin
certain neural domains was further strengthened in the late 1980s by
the observation that, in the absence of their cell body, retinal ganglion
cell axons still responded to guidance cues (Harris et al., 1987). The
presence of mRNA transcripts in the growth cone and immature axons
as well as their ability to be translated there is now well established
(Moccia et al., 2003; Gioio et al., 2004; Kindler et al., 2005; Hengst and
Jaffrey, 2007). While local translation of mRNA transcripts can occur in
both vertebrate and invertebrate axons, it is generally thought that
only invertebrate axons actively retain this capability into adulthood
(Hengst and Jaffrey, 2007). This differencemay be accounted for by the
presence of unipolar neurons in invertebrates, the processes of which
both transmit and receive signals. Within mature vertebrate neurons,
it is widely believed that the capacity for local translation is main-
tained in the dendritic tree (a ﬁnding that is thought to contribute to
synaptic plasticity; Sutton and Schuman, 2006). Nevertheless, the
presence of RNA and/or ribosomal machinery in some adult vertebrate
axons (Koenig et al., 2000; Hanz et al., 2003) and the ability of isolated
axons to translate localized transcripts in response to injury has also
been shown (Zheng et al., 2001).
There is differing evidence for the role of local protein synthesis in
neurite elongation versus growth cone turning responses. For ex-
ample, inhibition of protein synthesis in distal axons of rat sympathetic
neurons does not appreciably impair elongation (Eng et al., 1999) and
local synthesis in Xenopus neurons was not required for outgrowth
(Campbell and Holt, 2001). Furthermore, cultured Aplysia neurons,
when subjected to axotomy in the presence of a local protein synthesis
inhibitor, still produced outgrowth (Lovell and Moroz, 2006). It is
interesting to note however, that following axonal injury, local protein
synthesis seems to be needed to form and maintain a growth cone in
vertebrate neurons (Zheng et al., 2001; Verma et al., 2005), Indeed, the
local synthesis of proteins certainly appears to be important for res-
ponsiveness to axonal injury and the subsequent regeneration process
(Willis and Twiss, 2006). For example, mRNA for neuroﬁlaments is
known to be present in uninjured sciatic nerve and is both up-
regulated and locally translated in response to injury in a rat model
(Sotelo-Silveira et al., 2000). It has now been proposed that a positive
correlation exists between the regenerative capability of a vertebrate
axon and its protein synthesizing capacity (Willis and Twiss, 2006).
Many researchers now agree that local protein synthesis is
important for the growth cone’s rapid response to some environ-
mental guidance cues. One example is the requirement for local trans-
lation of the small GTPase RhoA in the collapsing response of Xenopus
growth cones to Sema3A (Wu et al., 2005). Similarly, one aspect of slit2
mediated repulsion of growth cones involves the local synthesis of
coﬁlin-1 which participates in actin depolymerization (Piper et al.,
2006). Xenopus growth cones also require local protein synthesis to
produce a positive turning response to netrin-1 (Campbell and Holt,
2001; Leung et al., 2006), and together with other studies (Yao et al.,
2006) show that attractive responses also require local protein syn-
thesis. An interesting hypothesis holds that the dominance of one cue
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may be linked to its dependence on local protein synthesis (Lin and
Holt, 2007).
Local protein synthesis also appears to be important for other
aspects of pathﬁnding such as the resensitization of a growth cone
following desensitization to a cue’s gradient (Ming et al., 2002; Piper
et al., 2005), though the precise nature of this phenomenon is a
subject of ongoing investigation (Xu et al., 2005a). Though it was once
believed that only cytosolic proteins could be locally synthesized, the
capability of isolated neurites to locally synthesize and insert
functional membrane receptors was documented several years ago
(Spencer et al., 2000b). A recent example of local translation of a
receptor is the κ-opioid receptor in the axons of dorsal root ganglion
neurons (Bi et al., 2006). There is also evidence that dynamic changes
in the local expression proﬁle of growth cone membrane receptors
occur at key developmental stages. One such example is the
expression of the EphA2 receptor following mid-line crossing in
chick embryos, resulting from the local synthesis and insertion of this
receptor (Brittis et al., 2002).
Thus, the capacity for growth cones to locally translate proteins has
been established and the demonstration that local translation can be
rapid (Wu et al., 2007) further strengthens the argument for its role in
physiologically relevant responses. Indeed, it has been shown that the
time course for protein translation in the soma versus dendrites is
different (Wu et al., 2007), supporting the possibility that mRNA
translation serves location-speciﬁc functions. Furthermore, translation
of the transcription factor Elk1 mRNA generated differing effects de-
pending on whether the mRNA was applied directly to the distal
dendrite or directly to the soma; cell death occurring in the former
case, but not the latter (Barrett et al., 2006). The authors propose thatFig. 1. Schematic of local translation and degradation pathways involved in various grow
degradation.this may be due to differing post-translational modiﬁcations in the
dendrites versus the cell body. If this is indeed the case, then one may
speculate, based on the above observation, that local translation of
mRNAs in an axon or growth cone may also produce proteins with
different functional properties than if translated in the cell body. Local
translation of transcription factors in the growth cone, followed by
retrograde transport to the cell body may also be an important means
for eliciting whole cell responses to the growth cone’s environment
(Cox et al., 2008).
In addition to the need for local protein synthesis in the growth
cone, evidence is also accumulating for the role of local protein degra-
dation in growth cone behavior (for review see Yi and Ehlers, 2007).
For example, a proteasome inhibitor will prevent a growth cone from
responding to netrin-1 (though not to Sema3A (Campbell and Holt,
2001) or slit2 (Piper et al., 2006)). Furthermore, following axonal injury
in rat dorsal root ganglia, a functional proteasome is needed to form a
growth cone, as proteasome blockers interfere with normal formation
of this structure (Verma et al., 2005). Together these ﬁndings imply
that growth cone responses require dynamic changes in protein
composition driven by both local synthesis and degradation (Fig. 1).
Control of mRNA expression
With local protein synthesis in growth cones, comes the need for
local control of mRNA expression, a subject towhichwe now turn. The
ﬁrst, albeit somewhat obvious step in local control, is to achieve the
proper localization of the mRNA transcripts to the appropriate cellular
microdomains. Previous work has demonstrated that the spatial dis-
tribution of mRNA transcripts differs between neurites and the soma
(Dissel, 2005), the mechanistic details of which are coveredmore fullyth cone behaviors. Represents local protein synthesis. Represents local protein
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sonably well characterized example of an mRNA localizing signal is
the ‘zip-code’ sequences present on β-actin mRNA, which are bound
by zip-binding proteins (ZBPs), and play an important role in the pro-
per localization of these mRNA transcripts (Zhang et al., 2001). ZBP
also appears to repress translation during transport, thereby prevent-
ing premature expression (Sossin and DesGroseillers, 2006). During
transport, there is evidence that individual mRNAs can associate with
either actin or microtubule-based motors and that the rate of their
delivery might be regulated by the number of binding sites for the
motor. Thus, cytoskeletal-associated motor complexes likely play a
role in transcript localization (Bullock, 2007).
An emerging method of control involves microRNAs (miRNAs),
which are non-coding transcripts, generally about 22 nucleotides in
length. ThesemiRNAs are incorporated into the RNA-induced silencing
complex (RISC), the functions of which include (but are not restricted
to) guiding the miRNA to the target mRNA, after which the mRNAmay
be cleaved or translationally repressed. Approximately half of the
miRNAs found in mammals are active in the brain (Kosik and
Krichevsky, 2005), and for some, their expression pattern changes
over the course of neurodevelopment (Krichevsky et al., 2003). Evid-
ence for these molecules in the modulation of local mRNA translation
comes from dendrites, where dendritically localizedmiRNA (miR-134)
represses the translation of a kinase (Schratt et al., 2006). miRNA
regulation of translation may however, be equally important in the
developing axon and growth cone where other proteins involved in
RNA interference, such as argonaute-3 and -4, Dicer and Fragile X
Mental Retardation Protein (FMRP) have been found (Hengst et al.,
2006). It has been speculated that the local presence of Dicermay even
support processing of the pre-miRNAs in axons. The next major hurdle
to overcome is in understanding how these small non-coding trans-
cripts are themselves localized to speciﬁc neuronal sub-domains.
Research evidence now seems to support a role for functional and
potent RNA interference in axons and/or isolated neurites. For ex-
ample, the transfection of siRNA into distal axons and resulting RNA
silencing of RhoA appears to support the hypothesis that RISC com-
plexes can assemble and function in axons (Hengst et al., 2006). It is of
interest to note that the transcript for RhoA, which is an important
effector molecule in growth cone behavior, contains an “unusually
high” number of miRNA binding sites (Wu et al., 2005). The func-
tionality of RNA silencing in distal processes is further supported by
experiments in which clear physiological effects on outgrowth of
isolated invertebrate neurites were observed following incubation in
double-stranded RNA (Van Kesteren et al., 2006). It is reasonable to
suppose that if developing axons and/or growth cones have the
capacity for local genetic control via miRNAs, then the potential
for differences between the molecular proﬁles and behaviors of
individual growth cones (e.g., at different axonal branches) may be
enhanced.
Another remarkable ﬁnding that must be considered as a potential
mechanism for creating diversity and uniqueness in the repertoire of
growth cone responses is alternate splicing of mRNAs. Research
performed in embryonic rat hippocampal neurons led to the discovery
of dendritically localized proteins involved in pre-mRNA splicing, and
demonstrated their ability to splice and express an artiﬁcial construct
(Glanzer et al., 2005). Though the functional signiﬁcance of such a
ﬁnding is currently unclear, the authors propose that local dendritic
splicing may generate a diversity of post-synaptic responses that may
increase the functionality of a particular synapse. Though similar
experimental demonstrations of alternate splicing locally in either
developing or regenerating axons is yet to occur, there is evidence that
genes such as Dscam, expressed in axons and growth cones of deve-
loping neurons, and apparently involved in pathﬁnding, are exten-
sively alternatively spliced, with some 38016 isoforms possible
(Schmucker et al., 2000; Zipursky et al., 2006). Furthermore, the
existence of a functional, alternatively spliced slit isoform expressed inthe rat nervous system should encourage further exploration of the
role for alternative splicing in growth cone guidance (Tanno et al.,
2004).
Certainly, recent work on alternative splicing of multi-exon genes
may provide insights into how the relatively small number of guidance
molecules and receptors can contribute to the extensive, large scale
wiring of the nervous system. Using the glial cell line-derived
neurotrophic factor (GDNF) family receptor α2, which is spliced to
produce isoforms GFRα2a, GFRα2b, and GFRα2c, researchers showed
that the differential expression of these isoforms produce functional
differences in outgrowth as well as different regulation of early-
response genes, in response to the neurotrophin GDNF and neurturin
(NTN). Activation of GFRα2a or GFRα2c by GDNF or NTN led to neurite
outgrowth, whereas expression of GFRα2b inhibited the ligand-me-
diated outgrowth (Yoong and Too, 2007). To further complicate mat-
ters, the potential for more signaling pathways is ampliﬁed by noting,
for example, that NTN also mediates signals via a complex which
includes RET (a receptor tyrosine kinase) and/or NCAM (neural cell
adhesion molecule), each of which can also be alternatively spliced
(Lee et al., 2002; Povlsen et al., 2003; Yoong and Too, 2007). Combined
with the possibility of alternatively spliced effector molecules, it
becomes easy to speculate how alternatively spliced receptors and
effectors could generate a vast compliment of responses to a relatively
small number of extracellular cues. This possibility, though impressive
for the functioning of an individual growth cone, would make under-
standing growth cone responses to individual cues far more compli-
cated than previously believed.
Novel guidance factors acting locally at the growth cone
Transcription factors
Previously, discussion of transcription factors in axon guidance has
largely centered on their roles in determining receptor expression and
establishing the cellular environment that axons encounter (Butler and
Tear, 2007). The extent to which early acting transcription factors
‘prime’ growth cones for the later developmental stages of pathﬁnding
is a matter of ongoing investigation. However, a recent study has
shown that growth cones produce directional responses to a trans-
cription factor, Engrailed-2, which is a homeodomain protein that
controls the expression of ephrinA during the development of the
retinotectalmap (Erskine andHerrera, 2007). Engrailed-2was found to
attract nasal RGCs in vitro, while repelling temporal RGCs. To produce
the growth cone turning response, Engrailed-2 had to be internalized,
as a mutation in the internalization sequence prevented the turning
response. The physiological signiﬁcance of this observation is currently
unclear as Engrailed-2 is not known to be secreted in the tectum.
Interestingly however, this positive growth cone turning was depen-
dent on local protein synthesis and occurred in the absence of the soma
(Brunet et al., 2005).
Retinoic acid
Retinoic acid has been most widely recognized as a developmental
morphogen, playing an especially signiﬁcant role in patterning some
areas of the nervous system (Blomhoff and Blomhoff, 2006; Maden,
2006; Takahashi and Liu, 2006). In vitro, retinoic acid has been shown
to play a role in axonal outgrowth, though this is more challenging to
demonstrate in vivo as manipulations of retinoic acid lead to em-
bryonic defects that are lethal prior to axonal outgrowth and path-
ﬁnding. However, the discovery that endogenous levels of retinoic
acid are not constant during embryonic development has allowed
manipulations that have shown a role for retinoic acid in neurite
outgrowth in organisms such as the rat, mouse and quail (reviewed by
Clagett-Dame et al., 2006). In addition to its effects on neurite out-
growth, evidence is slowly emerging for its role as a chemoattractant
Table 1
Representative examples of growth cone turning in isolated neurites
Guidance
factor
Chemotropic
response
Cell type Reference
Retinoic acid Attraction Lymnaea visceral
F neurites
Dmetrichuk and Spencer,
unpublished observations
Engrailed-2 Attraction Xenopus nasal
retinal axons
Brunet et al., 2005
Engrailed-2 Repulsion Xenopus temporal
retinal axons
Brunet et al., 2005
Netrin-1 Repulsion Xenopus retinal
axons
Campbell and Holt, 2001
Sema3A Collapse Xenopus retinal
axons
Campbell and Holt, 2001
Serotonin Collapse Helisoma B19
neurite
Davis et al., 1992
Tectum, in vivo Continued
attraction
Xenopus retinal
axons
Harris et al., 1987
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(1998) ﬁrst demonstrated that retinoic acid guided neurite outgrowth
from dissociated cultures of embryonic chick neural tube and Dme-
trichuk et al. (2005) showed that regenerating adult newt spinal cord
neurons grow toward a source of retinoic acid in vitro. Recently, Dme-
trichuk et al. (2006) showed that retinoic acid can also induce neurite
outgrowth from cultured invertebrate neurons in the absence of any
other trophic factors, demonstrating that, like many other trophic
factors, the effects are phylogenetically conserved. In addition, it was
shown for the ﬁrst time that individual growth cones turned toward
an exogenous source of retinoic acid, an effect that lasted for up to 24 h
(Fig. 2).
Interestingly, retinoic acid has traditionally been known to act
through nuclear receptors which function as transcription factors to
target genes that include neurotrophins, cell surfacemolecules and the
retinoid receptors themselves (Mey and McCaffery, 2004). However,
there is preliminary evidence that retinoic acid-induced growth cone
turning can occur in transected, isolated neurites in culture (Dme-
trichuk and Spencer, unpublished observations). Though many other
chemotropicmolecules are known to act locally at the growth cone and
their effects are mediated by local protein synthesis, these data raise
the interesting question of how retinoic acid induces its effects in the
absence of binding to nuclear receptors. There is precedence in the
literature for non-genomic actions of retinoic acid, such as direct
binding to PKCα (Ochoa et al., 2003), phosphorylation of CREB (Canon
et al., 2004) and Ca2+ release from intracellular stores via a PLC/PI 3-
kinase pathway (Liou et al., 2005). Indeed, since retinoic acid is a small
lipophilic molecule, it may have the capability to allosterically bind to
protein(s) within the growth cone, initiating the local response. Other
possible targets include translational machinery in the growth cone,
GTPase activating proteins (GAPs) or even proteins associated with the
cytoskeleton (Clagett-Dame et al., 2006).Fig. 2. Retinoic acid produces positive growth cone turning in a cultured visceral F neuron f
retinoic acid application, (iii) 2 h post-retinoic acid application at which time the RAwas rem
new direction (from: Dmetrichuk et al., 2006).The exact roles of both Engrailed-2 and retinoic acid as chemoat-
tractants in the developing or regenerating nervous system awaits
further investigation, but it is noteworthy that these studies provide
further examples to a limited body of literature whereby isolated neu-
rites maintain a growth cone turning response to a speciﬁc guidance
cue (see Table 1 for examples).
What level of communication exists between the growth cone and
soma?
From the cited literature above, it is now evident that growth cones
possess a degree of autonomy in terms of axonal pathﬁnding and
responses to various guidance cues. However, communication from
the growth cone to other regions of the nerve cell is likely important forrom the pond snail Lymnaea stagnalis. (i) Pre-retinoic acid application, (ii) 15 min post-
oved; (iv) at 22 h post-retinoic acid application, the growth cone continues to grow in its
108 N.R. Farrar, G.E. Spencer / Developmental Biology 318 (2008) 102–111the cellular integration of signals, yet this is one aspect that has not
been studied in great depth.
Endocytosis has been suggested as one mechanism for broader,
intraneuronal communication. The presence of membraneous struc-
tures in the growth cone has long been known (Bunge,1973), as has the
movement of vesicleswithin the growth cone (Diefenbach et al.,1999).
Indeed, the high level of endocytotic activity over the surface of the
growth cone suggests that different populations of vesicles form
(Diefenbach et al., 1999). Some vesicles have been shown to trafﬁc
retrogradely from the growth cone to the cell body (Lovell and Moroz,
2006; Zakharenko and Popov, 2000) and Denburg et al. (2005) used
the ﬂuorescent dye FM1–43 to label and track endocytic vesicles
formed at an individual growth cone. The results suggested the pre-
sence of a complex trafﬁcking pattern within the developing neuron
and included vesicle movement (1) from the growth cone directly to
the soma, (2) back from the soma to a neighboring growth cone, and (3)
from one growth cone directly to another. The importance of the
vesicle’s molecular constitution, which is determined at the time of its
biogenesis, is known to be vital to its trafﬁcking pattern (Bonifacino
andGlick, 2004), but the identity of suchmolecularmarkers on growth
cone vesicles awaits resolution. It does however suggest that different
trafﬁcking proﬁles may be generated by different growth cones within
the same neuron.
One might speculate that the vesicular communication described
above would be rather slow and that during pathﬁnding and neuronal
migration, theremay also be a need to send signals rapidly throughout
the neuron. As noted earlier, a considerable amount of work has pre-
viously studied the role of local Ca2+ changes on growth cone behavior
(Henley and Poo, 2004; Bolsover, 2005), but new evidence suggests
that calcium waves may act as long-range signals, allowing rapid
communication between growth cones and soma (Guan et al., 2007).
For example, the growth cone of a migrating neuron contacting a gra-
dient of the chemorepulsive guidancemolecule slit2, rapidly generates
a wave of calcium originating in the growth cone which then travels
directly to the soma. This signal causes the neuron to alter its migra-
tional course. Generation of an artiﬁcialwave (by opening internal Ca2+
stores)mimicked themigrational response to slit2, even in the absence
of the guidance factor, strongly suggesting that the calcium wave was
the determining factor in the response. It is especially interesting to
note that the soma itself appeared insensitive to slit2, but that the
calciumwave originating at the growth cone caused a redistribution of
the GTPase RhoA in the soma. This protein is known to play a role in the
alteration of the cytoskeleton (Benarroch, 2007). Although the precise
nature of this signaling system awaits further characterization, it does
point towards a signaling pathway throughwhich the growth cone can
potentially communicate rapidly with the soma during neuronal
migration and/or pathﬁnding.
Perspectives
An ongoing, major challenge in the ﬁeld of axonal pathﬁnding is to
fully understand the role of local controlwithin the growth cone versus
control from the cell body. It is certainly well accepted that many
guidance cues act locally at the level of the growth cone, but the extent
to which growth cones on the same cell integrate signals via
communication with each other or with the soma requires further
investigation.
Continued efforts towards elucidating the role of local protein syn-
thesis in growth cones and extra-somatic domains face some limita-
tions. For example, in vertebrate preparations the technical difﬁculty in
conducting functional studies in the absence of the soma is evident.
Researchers are overcoming these difﬁculties with the use of tech-
niques such as laser-inducedporation for local incorporation ofmRNAs
(Barrett et al., 2006), as well as separation of neuritic and somatic
compartments with use of the Campenot chamber (Campenot, 1994).
However, even with such approaches, locally translated products mayeventually migrate to the soma and affect transcript levels there. One
decided advantage that invertebrate preparations provide over their
vertebrate counterparts is the ability to easily separate growing
neurites from their soma. For example, isolated molluscan neurites
not only survive and grow for 24 to 48 h, but are also large enough for
multiple electrode penetrations for both electrophysiological record-
ings and/or intracellular injections (VanMinnen et al.,1997; Spencer et
al., 2000b). Furthermore, molluscan neurons take up long dsRNA
sequences with ease, either when applied to the bathing medium of
cultured neurons (Beck et al., 2004; van Diepen et al., 2005) or even
isolated neurites (van Kesteren et al., 2006), as well as following
injection into the intact animal (Fei et al., 2007). Such successes hold
promise for using invertebrate models and RNA silencing in the study
of local protein synthesis in growth cone guidance. Indeed, the large
size of cultured molluscan growth cones has proved advantageous for
many research studies (Sattelle and Buckingham, 2006; Lovell and
Moroz, 2006); the role of neurotransmitters in growth cone behavior
and neurite outgrowth was described in Helisoma many years ago
(Haydon et al., 1984, 1987; Goldberg, 1998) and these growth cones
have continued to be useful for studies on, for example, cytoskeletal
dynamics (Torreano et al., 2005) and nitric oxide signaling (Van
Wagenen and Rehder, 1999; Trimm and Rehder, 2004; Welshhans and
Rehder, 2005).
It is important to note that many factors that function as chemo-
tropic guidance molecules in vertebrates perform a similar function in
invertebrates (Tessier-Lavigne and Goodman, 1996), and both model
systems have been fundamental in furthering our knowledge of the
many guidance factors used by the nervous system. Though the num-
ber of guidance factors and receptors involved in growth cone behavior
continues to grow, it has been suggested that the number is still
relatively small in light of the immense connectivity of the brain. Even
the number of distinct mRNA transcripts quantiﬁed in an embryonic
DRG axon at around 100 (Hengst and Jaffrey, 2007) seems low when
viewed from the perspective of a growth cone’s role in pathﬁnding and
synapse formation. However, guidance cues may be used repetitively,
as is the case during the development of the optic nerve pathway
(Erskine and Herrera, 2007), and modulation of signaling by factors
such as matrix metalloproteases (McFarlane, 2003; Chen et al., 2007)
and heparin sulfate and chondroitin sulfate proteoglycans (Lee and
Chien, 2004; deWit and Verhaagen, 2007)may increase the number of
ways guidance factors can direct growing processes. (For an example
involving netrin-1 signaling, see Galko and Tessier-Lavigne, 2000, and
for an example involving Semaphorin 5A signaling, see Kantor et al.,
2004.) Certainly, in light of the role that alternate splicingmayplay, the
various signaling options within a single growth cone may be far
greater than previously appreciated. Finally, in order for us to have a
fuller understanding of how local protein synthesis may play a role in
axon guidance and growth cone behavior, we need a better
comprehension of the localization of not only the mRNAs, but also
the factors involved in controlling localization, translation, and the
potential for alternate splicing. Moreover, add to this the emerging
evidence for transfer of mRNAs (and potentially miRNAs) from glial
cells (possibly as a result of activity-dependent mechanisms) (Eyman
et al., 2007), and the complexity of local control in growth cone
behaviormay far out reach our original perception. Taking these added
levels of complexity into consideration, aswell as the likely integration
of multiple signaling cues (both chemical (Dontchev and Letourneau,
2003) and electrical (McCaig et al., 2000)), it is becoming increasingly
evident that in vivo studies are likely to prove more and more
important in obtaining a complete picture of how the environment
affects the behavior of just one individual growth cone.
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